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ICING TESTS OF AIRGRAET-ENG-INE INDUCTION S"XSTEMS 

By Leo B. Kimball 



SUMMARY 



A comprehensive program of icing tests has "been 
conducted on an ai rcraft -engine induction system con- 
sisting of a vvright R-1820, G-2-00 hlower section, Holley 
1375-E carburetor and adapter, and specially "built air 
scoop. It v/as the object of this research program to 
determine the effect of a number of- possible fact ors on 
icing of engine-induction systems. These factors included 
carburotor-air temperature, air-moisture content, water- 
droplet size, throttle opening, mixture ratio, rate of 
air flow, altitude, and others. 

Both fuel evaporation icing and throttle icing were 

considered in this in\^e s t igat i on . No tests were made on 
impact icingj however. It was found that two of the fac- 
tors., carburetor-air temperature and amount of free water 
present in the intake air, had, the m.ajor effect on icing 
in the induction system tested. 

The rate of ice formation increased rapidly with 
increase in rate of air flow at constant moisture content, 
and it is therefore concluded that the rate of icing. is a 
function of the mass flow, of free water through the in- 
duction system. Throttle icing was critical at tempera- 
tures near the freezing point of water but diminished te 
a negligible degree at a carburetor-air temperature of 
40° I or above. 

When there was no free moisture present and the 
relative humidity of intake air was 100 percent or less, 
ice formed in the induction system at such a slight rat*e 
that neither the rate of air flow nor the mixture ratio 
was seriously affected. With free moisture present, ice 
formed in the indxiction system to a sufficient degree to 
affect both the rate of air flow and the mixture ratio 
at carburetor-air t emperatures 'up to. 50° F, Ice did not 
form under any conditions when the carburetor-air temper- 
ature was 80° F or above. 
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From the results of this research program it is con- 
cluded that induction-system air scoops should "be designed 
to prevent as much water as possihle from entering the car- 
buretor, A brief study has been conducted on this prob- 
lem. The interior passages of induction systems should 
be free from protuberances on which ice can adhere. 

The investigation described in this report was con- 
ducted at the National Bureau of Standards in a special 
laboratory provided with air blowers and refrigeration 
eq^uipmentt 

INTRODUCTION 



The program of tests described in this report was 
designed to determine the effect of a number of factors 
on induction-system icing, with the view of obtaining data 
which would serve as a guide for safe winter operation of 
airplanes and which might also lead to the design of im- 
proved induction systems from the icing standpoint. 

Tests also have been made on methods of eliminating 
ice formations in induction systemr^ by means of the in- 
jection of alcohol into the intake air and b,y preheating 
the air. This research is continuing and it is planned 
to issue further reports with results of the de-icing 
t est s 0 

The present report is limited to a description of 
the icing tests and a brief study of the possibility of 
preventing, by design modifications, the ingestion of 
rain into induction systems. There is also included a 
brief appendix describing tests made on several induction- 
system ice-warning indicators. 

The NACA induction-system icing program at the 
National Bureau of Standards was initiated in January 1941, 
The project is financed jointly by the Army, the Navy, and 
the National Advisory Committee for Aeronautics, Support 
has also been received from the Civil Aeronautics Adminis- 
tration. 

Acknowledgment is due to several manuf actur *=r s of 
aircraft and equipment who have supplied engineering 
personnel and apparatus, and also to several commercial 
air lines who have furnished equipment and flight-test 
data on induction-system icing* 



3 



APPARATUS AND METHOD OF OPERATION 



The icing tests were carried out in an altitude lal)- 

oratory at the National Bureau of Standards,- This lalio- 
ratory is equipped with refrigeration machinery located 
in a separate "building, consisting of two 25-ton compres- 
sors, condensers, receivers, and steam-heating units. It 
was possible to vary the teiuperature and humidity of the 
carburetor intake air within wide limits. Two electri- 
cally driven Nash exhausters, located at the end of the 
exhaust air duct, draw the combustion mixture through the 
induction systcm6 

The test'^ described in this report were made in an 
induction system consisting- of a specially "built air 
scoop and a Holley 1375-F carburetor and adapter mounted 
on a Wright R-1820, G-200 engine. The laboratory induc- 
tion-system installation was designed to simulate the 
conditions of flight as closely as possible^ The testing 
apparatus is shown schematically in figure 1» A second 
schematic sketchy figure 2, has been prepared to show 
important details of the i ndu c t i on- sy s t em installation, 
A photograph showing much of the equipment in the alti- 
tude chamber is given in figure 3, 

A glass window was built into the rear wall of the 
carburetor adapter and a small electric light placed in- 
side the adapter* By means of these devices it v/as pos- 
sible to 'observe the ice as it formed in the induction 
system,* The visual observations of icing proved to be 
of considerable assistance in analysing much of the data 
obtained. 

Referring to figure 1, air was drawn into the cold 
room across the refrigeration coils and through the in- 
take duct, which contains a straightening grid and water- 
spray nozzles, and thence through the air scoop into the 
induction system. The air flow was measured by means of 
either of two interchangeable flat-plate orifices located 
in the intake duct as shown in figure 1, The larger 
orifice was used on all wide-open-throttle runs, while 
the smaller orifice was used for the part -throt tie runs. 



* Later in the program a glass window was installed in the 
air scoop, so that ice forming around the fuel nozzle bar 
could be seen. 
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The orifices were made according to A.S.M^E. standards, 
and were considered accurate within 1 percent. The ori- 
fice differential pressure was indicated "by a v/ater ma- 
nometer and also by a differential pressure recorder. By 
means of the latter instrument it was possible to record 
quite accurately the complex changes of the air flow 
during the icing process. Figure 4, a typical' chart from 
this pressure recorder, illustrates the rapid drop in air 
flow from the cruising rate of 4000 pounds per hour under 
severe icing conditions. The vari ous f luctuat i ons in the 
air-flow curve were caused by ice formations breaking off 
and re-forming. The initial rate of air flow wa^ con- 
trolled by bleeding additional air into the outlet duct , 
thus adjusting the pressure drop across the induction 
system to a value corresponding to the desired rate of 
air flow under ice-free conditionst 

The temperature of the intake air was automatically 
controlled by a Brown instrument to an indicated accuracy 
of ^l/4^ F. The air temperature was indicated by two cal- 
ibrated glass thermometers and recorded by a four-pen re- 
corder. As a further check on the accuracy of air- 
temperature measurements, a thermocouple was placed be- 
tween the two glass thermomet er in the air scoop and 
connected to one of the 12-point recording potentiometers 
which are shown in figure 5, 

C-asoline was supplied into the carburetor by a «^pe- 
cial fuel pump driven by a 1 /2-hor s epower electric motor. 
It was possible to pump fuel into the carburetor at rates 
up to 1600 pounds per hour^ The gasoline flow was regu- 
lated by a combination of two methods* One of these con- 
sisted of bypassing a portion of the fuel back to the 
supply tanks by means of a manually operated valve. The 
fuel flow was further regulated by adjusting a pressure 
valve at the carburetor. For measurement of the rate of 
ga.soline flow, one of three calibrated rotam.eters of var- 
ious capacities was used. These instruments are shown in 
figure D at the left of the recording potentiometers. 
The rate of fuel flow was also indicated and recorded on 
a differential recording flowmeter. The temperature of 
the fuel was measured in the pipe leading to the carbu- 
retor and was recorded on a chart. 

The throttle opening vvas regulated either at the 
carburetor or by a control handle at the observation 
station. The latter control is shown in the lower right- 
hand corner of figure 5, 
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The humidity of the intake air wa?^ regiilated up to 
the saturation point "by .injection of steam into the in- 
take air dvict a short distance downstream from the cold 
room, A nozzle bar, located downstream from the straight- 
ening grid, was employed to add free water ahove satura- 
tion to the air in order to simvilate rain ingestion. 
Three types of nozzle "bars were used for producing water 
droplets of various sizes. The small nozzles produced a 
droplet estimated at ahout 30-50 microns in diameter; the 
medium-size nozzles produced water droplets about 1 milli- 
meter in size; the large nozzle produced droplets of 
about S-^millimet er diameter. The grid in the air duct, on 
the upstream side of the water nozzles was installed to 
straighten the flow of air around the nozzles and to re- 
duce stratification. The absolute moisture content. of 
the intake air was measured" by first heating an air 
sample, which was bypassed throiigh the measuring unit, 
until all the water in suspension was vaporized and then 
measuring the relative humidity of thp air at the ele- 
vated temperature by. means of wet and dry bulb thermom- 
eter s • 

Wa.ter ingestion into the intake a.ir was measured by 
either of two rotameters ^ depending on the rate of in- 
gestion. For most tests it was found that the tempera- 
ture of the ingested water could be maintained reasonably 
close to that of the intake air by passing the water 
through a coil of tubing wound around the outlet duct 
leading from the engine blower section, as shown in the 
left side of figure 3. For some tests involving high 
values of rain density it v;as found necessary to employ 
an ice bath for this purpose. 

Provisions v;ere made to heat the engine blower sec- 
tion by means of steam, in order to simulate flight con- 
ditions. It was also decided to direct against the car- 
buretor adapter an air stream to simulate velocity and 
temperature (lOO^ F) that would exist within an engine 
cowling during flighty This condition was attained by 
means of an electric fan mounted behind the bank of steam 
coils, as shown in the left side of figure 3, 

^The temperatures of the metal passages at various 
points in the induction system were measured by means of 
thermocouples* The locations of a number of these thermo- 
couples are indicated in figure 3 and also in figure 7, 
which shows thp interior of the engine blowpr section* 
The metal temperatures were recorded by 12-point record- 
ing potentiometers. 
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The temperature of the mixture vb.s measured hy means 
of a thermocouple mounted in the rear wall of the carbu- 
retor adapter and extending into the mixture stream* 

The effect of altitude was simulated "by the opera- 
tion of the slide valve in the air-intake duct. Altitude 
v;as measured "by means of a static tuhe located in the in- 
take duct on the dov/nstream side of the slide valve* 
During each altitude test run the gasoline pressure was 
adjusted in order to maintain the same differential "be- 
tween the fuel diaphragm chamher and the air entrance to 
the carhuretor that would occur at sea level* 

With the thought that vi'bration of an airplane engine 
in operation might affect the tendency of ice particles 
in an' induction system to "be shaken loose, a fairly large 
air vibrator Tvas attached. to the engine blower section. 
Several icing tests were made to ascertain the effect of 
such vibration on the icing tendency* No measiirable ef- 
fect of this vibration on the rate of ice formation could 
be detected from the results of these tests. It was 
therefore decided not to include the effect of vibration 
in the testing program either as an icing factor or as a 
constant test condition. 

The fuel used in this research program was taken 
from a special supply of 50,000 gallons of 73-octane, 
nonleaded fuel in order to remove any possible error 
which might result from the use of different fuels. The 
volatility of the gasoline v/as so selected to match as 
nearly as practicable those of the aircraft fuels now in 
use, A sample distillation of the gasoline employed is 
as follows 



Di stillation Peg F 

First drop . 114.8 

5 percent distilled 140,0 

10 percent distilled 145.4 

15 percent distilled 149.0 

20 percent distilled 154,4 

30 percent' distilled 163.4 

40 percent distilled , . . . 174.2 

50 percent distilled 183.3 

60 percent distilled , . 192.2 

70 percent" distilled 201.2 

80 percent distilled 212,0 

90 percent distilled , 228.0 

95 percent distilled • » . . . 242.0 

End point 263.0 
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Distillation (Cont,) Deg F 

Recovery, percent 98.1 

Residue, percent • .9 

Loss, percent 1.0 

Barometric pressure, millimeters 755 

Vapor pressure^ pounds per square inch 6.8 



TSSTS AND PROCEDURE 



In "beginning each test run the air flow was first 
adjusted to the desired rate at the proper throttle angle 
and carhuretor pressure drop. When the air temperature 
had stahilized, fuel was introduced into the air stream 
at the carburetor* The rate of fuel flow was set hy 
means of the mixture control to give the req^uired fuel- 
air ratio. Moisture was then added to the intake air in 
order to reach the desired relative humidity or. rate of 
rainingestion. 

The recording instruments were started during each 
run with the injection of gasoline, and timing was accom- 
plished with a stop watch, Ohserved readings were taken 
at short-time intervals, according to the rate of ■ fluc- 
tuation of the air and gasoline flows. V/hen the air flow 
had either . dropped to some predetermined value. or had 
remained unchanged during a reasonable period of time the 
run was concluded. The carburetor was then immediately 
removed for examination of the ice format ion. Photographs 
were taken of the ice formed in the induction system dur- 
ing a number of runs» 

As each test run progressed, the presence of ice in 
the induction system could be detected by the irregulari- 
ties in the curves of air flow and fuel flow on the re- 
cording charts caused by small pieces of ice continually 
breaking off and re-forming. 

In an effort to explore thoroughly the effect of 
each factor on icing, a great number of test runs over a 
wide range of conditions were made. Of these tests, 100 
are recorded in table II. The tendency toward icing pro- 
duced in most of these runs is shown in the various 
chart s . 
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The carliure t or-ai r temperature was? varied from 
32.5^ F to 90^ F. The moisture content of the air was 
varied from 75-percent relative humidity up to saturation 
plus lOO-grams-per-cu'bic-met er rain density. The rates 
of air flow explored ran^ced from 2000 to 10,000 pounds 
per hour,- the throttle opening from 15^ to 73°, and the 
mixture ratio from C.050 to 0.120. Tests were made at 
pressure altitudes from sea level up to 20^000 feet. Th.e 
operating limits of the mixture ratio for the Wright R-1820 
engine were assumed to "be from 0,050 to 0«130. No con- 
sideration was given in the program to the effect of 
icing on the mixture distrihution since the tests were 
not made on a complete engine. 

• DISCUSSION .OF RESULTS 



Ice which forms. in an engine-induction system can "be 
classified under three general typesi 

1. Atmos pheric impact ice - forms on and ahead of 
the throttle at temperatures telow the freezing point of 
water due to the ingestion of snow, sleet, or supercooled 
water particles which freeze on impact* 

^* ^^^Qt tl ing i ce - forms around the throttle as a 
result of the change in kinetic energy of the air caused 
"by passing through this high-velocity section of the car- 
hur e t or , 

3. Refrigeration ice - forms at and "below the fuel 

nozzles as a result of cooling the intake air and ingested 
water "by the evaporation of the fuel. 

This third type of ice, also known as fuel ice, is 
encountered more frcauently in flight than either of the 
other type? since it forms at outside air temperatures 
cons idera"bl7 ahove 32° F. For this reason almost the 
entire program of tests was devoted to a study of refrig- 
eration icing. Thus far no tests have "been made on 
impact icing at the National Bureau of Standards. Impact- 
icing tests have "been made "by another agency, however. 
( See reference 1 . ) 



9 



It appears from comparing the results ottairfed in 
this investigation with icing tests made in other labora- 
tories that the ranges of conditions effecting icing vary- 
somewhat i^i induction systems made hy ' different manufac- 
turers. In viev/ of this condition, it is believed that 
the data contained in this report should he of value in 
the operation of the induction system tested hut should be 
applied with some reserve in connection with other types. 
In gonoral, however, the manner in which ice formed in 
the induction system tested and the relative effect of var- 
ious. factors on the icing tendency should be similar in 
the induction system of any modern aircraft engine. 

Two factors, carburet or-air "tomperaturo and amount of 
free water in the intake airj v/ere found to have a predom- 
inant effect on icing,* All other factors considered had 
a very minor effect. It is possible, however, that some 
of. the icing factors described in this report as minor 
might have a more appreciable effect* on the icing tendency 
during borderline icing conditions. The two sets of major 
and minor factors which influence the occurrence of ice 
can be grouped as follows: 



Major I cing Fact or s 

(1) Carburetor-air temperature 

(2) Moisture content of air 



Minor 1 cing Pact or s 

(1) Rate of air flow 

(2) Throttle opening 

(3) Droplet size 

(4) Fuel-air ratio 

(5) Altitude 

( 6 ) Metal temperature s of engine blower sect i on 

( 7) Fuel temperature 



a view of the carburetor adapter after run 9, made 
at 40 F carburetor-air temp, and rain density of 10 grams/m^, 
shows the large amount of ice formed within a period of 20 
min. 
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The results showed that with free water present in 
the air when the cartur et or-ai r temperature is near the 
freezing point, refrigeration ice forms very rapidly in 
the induction system. Figures 15 and 16 indicate that 
the ?:Cne of dangerous icing extends above 50^ P and that 
the rate of icing is progressively lessened as higher 
carhur et or-ai r temperatures are reached. At 32.5^ F car- 
"buretor-air temperature and rain density of 10 grams per 
cubic meter, the air flow was reduced from 4000 to 3000 
pounds per hour within 2 minuteso At 50^ F under similar 
conditions, the air flow was reduced from 4000 to 3000 
pounds per hour in 30 minutes. At temperatures above 
50^ F, the rate of air flow through the induction system 
was not noticeably affected even though the rain density 
of the intake air was maintained at 10 grams per cubic 
meter* Fluctuations in the mixture ratio due to the pres- 
ence of ice were observed at temperatures up to 70° F, 
however. An examination of the carburetor adapter at the 
conclusion of a test run made under similar conditions at 
carburetor-air temperature of 80° F revealed that no ice 
remained in the induction system. It is possible, of 
course, that small amounts of ice formed in the adapter 
at this temperature and were later broken off and carried 
through the system. 

With increase in moisture content of the intake air 
above the saturation point, refrigeration ice formed very 
rapidly in the induction system. Somewhat in contrast to 
the results of previous investigations, it v/as found that 
at a moisture content of 100 percent relative humidity or 
less, the rats of ice accretion was very small and the 
rate of air flow remained almost constant for periods as 
long as 30 minutes. It was observed that ice formed and 
periodically \/as broken away from the walls of the car- 
buretor adapter during many of these tests. This action 
was attributed to the fact that the ice insulated the 
walls from the colder mixture stream and because the 
adapter walls were heated from the outside to a certain 
extent by a flow of warm air from the fan previously de- 
scribed/ With increase of moisture content above satura- 
tion, ice formed progressively faster. At 30-grams-per- 
cubic-meter rain density, it was seen that the rate of 
air flow was reduced from 4000 to 3000 pounds per hour in 
3.5 minutes. When the rain density was increased to the 
extreme of 100 grams per cubic meter, however, the rate 
of air flow did not fluctuate from the original cruising 
power, indicating that the ice forming in the induction 
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system was being washed . of f the walls of the passages by 
the great volume of water,. .Results of tests made to de- 
termine the effect of m.oisture content of the air on the 
icing tendency are given in figures 17 to 20o 

A series of tests was made at a throttle opening of 
20^, in which the rate of air flow was varied between 
2000 and 4000 pounds per hour. The results (figs. 24 and 
25') indicated very little difference in icing tendency 
and a low rate of ice accretion. In another series of 
tests made at full-throttle opening (figs. 23 and 23) the 
air flow was varied from 6000 to 10,000 pounds per hour* 
Refrigeration ice formed very rapidly in the induction 
system, during these latter tests. When the data of both 
groups of tests were compared together and with other re- 
sults (figs. 26 to 31) it was evident, however, that as 
the rate of air flow v;as increased with constant rain 
densi'ty, the rate of ice accretion increased quite rap- 
idly. -It can be concluded that the rate of ice formation 
is a function of the total amount of water entering the 
induction system in-a given period of time. 

The results of tests made over a wide range of throt^ 
tie opening :revealed that the amount of throttle opening 
'had no appreciable effect on the rate of ice formation. 
The data of these tests are given in figures 26 to 31. 

In order to determine the possible effect of varying 
the mixture ratio on the rate of ice formation, tests 
were made at cruising power and also at full throttle. 
The results of these tests (figs. 32 and 33) showed, how- 
ever, that the mixture ratio had little or no effect on 
the rate of icing. 

As might be expected, a general examination of all 
the test data showed that as ice formed in the induction 
system during each test, the fuel-air ratio was changed. 
It was noted that below 40^ F carburetor-air temperature, 
the mixture ratio became quite rich and that at 40^ F or 
more the mixture ratio usually became lean. These effects 
were caused to a great extent by ice formations on the 
fuel nozzle bar. In the case of the higher range of tem- 
peratures, ice formed on the nozzle bar on the lower side 
of the fuel-injection holes, thereby reducing the suction 
at that point and causing the mixture to become lean. At 
lower temperatures, however, ice formed higher in the in- 
duction system and often on the nozzle bar above the fuel 
holes, thereby increasing the suction of the air through 
the carburetor venturi, enriching the mixture. 
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During most of the tests the water introduced into 
the intake air was the medium-droplet size of about 1- 
millimeter diameter. A few tests were made with smaller 
water droplets (about 30 to 50 microns in diam. ) in order 
to determine the possible effect of water-droplet si?.e on 
the icing tendency. The small amount of data obtained, 
however,, was not considered sufficient on which to base a 
conclusion on the effect of water-droplet size. 

In a number of the tests it was found that water 
particles of colloidal proportions were contained in the 
air to the extent of 1 or 2 grams per cubic meter at a 
humidity of less than 100 percent. In these instances no 
wetting action was observed on the metal surfaces of the 
air scoop, indicating that the water particles were less 
than 0.1 micron in diameter. 

Very little difference in the rate of ice formation 
was found in a comparison of tests made at various pres- 
sure altitudes. These data are given in figures 54 to 36. 
It is interesting to note in passing that the air-flow 
curves of runs 52 and 159, made at different temperatures 
and altitudes, were almost identical. 

A series of icing tests was made under propeller 
load curve conditions.- In the first group of runs, in 
which the rain density was held at 5 grams per cubic 
meter, the time during which the air flow remained equal 
to the initial rate increased somewhat with decreasing 
initial air flow and throttle opening* In each run of 
the second group, in which the rain density was maintained 
equal to that of run T-1 , the air-flow rate remained ap- 
proximately at the initial rate for substantially equal 
time periods, apparently as a result of the constant rate 
of water ingestion. In all of the tests, however, (figs. 
37 and 38) the air flow dropped at about equal rate. The 
results of these tests indicate that variation of propel- 
ler load curve conditions has little effect on severity 
of icing. However, the results do supply further evidence 
of the critical effect of water ingestion. 

Tests at constant rain density of 10 grams per cubic 
meter with no fuel flowing into the carburetor were made 
in order to determine the severity of throttle icing in . 
the induction system, . The carburetor-air temperature was 
varied from 33^ to 41^ F in these tests. Results are 
shown in figure 39, At 33^ and 35^ throttle ice formed 
so rapidly that the rate of air flow was reduced from 
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4000 to 2000 pounds per hour in slightly more than 4 min- 
utes. The range of cartur et o r-air temperatures in which 
rapid throttle icing occurred was' found to he quite nar- 
row, however. At 39° F, or alDovc, the air flow was very 
slightly affected by the formation of throttle ice* 

Typical temperatures of various parts of the metal 
passages measured by means of thermocouples are given in 
table I, Early in the program some tests were made in 
which the engine blower section was heated by means of a 
steam jet over a range of temperatures from 40° F up to 
290° F. It was found/ however, that in this range the 
temperature of the carburet or- adapt er. walls varied only 
from 8° to 10° F, or a change of 2° F, 

It was noticed during some tests in v/hich heated air 
was not applied to the carburetor adapter, that frost 
quickly formed on the outside metal walls. As each of 
these tests proceeded and ice formed within the adapter, 
the frost gradually melted. This effect can be seen in 
figures 9 and 10, Melting of the frost was caused by the 
formation of ice within the adapter which insulated the 
metal walls from the colder mixture. 

Examination of the carburetor adapter after many of 
the test runs showed that the ice within the adapter was 
melted away from the metal walls and was sufficiently 
loose so that it could be easily removed.* It was evi- 
dent that the loosened ice v/ould have passed on through 
the induction system except that it was prevented from 
doing so by the irregular shape of the adapter and blower 
section and by the various protuberances within the induc- 
tion system. In view of this phenomenon a special bulle- 
tin (reference 3) was prepared. This bulletin contained 
a recommendation that induction systems should be designed 
so that all protuberances are eliminated. 

No tests were made to determine the effect of heating 
the carburetor adapter on the rate of ice formation. It 
was apparent from the effects described above, however, 
that the application of heat to the v/alls of those por- 
tions of an induction system in which ice usually forms 
would* decrease the icing tendency. 



*This effect is illustrated in fig. 11, a photograph of 
carburetor adapter taken after test run 16. 
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The temperature of the mixture ranged from 40^ I! at 
carburet or-ai r temperature of 80^ F down to 2^ F at 
32.5^ F carburet or-ai r temperature. Most of the mixture 
temperature values were "below 32° F, It can "be seen from 
figure 40 that the lowest mixture temperature occurred 
with the most rapid rate of icing. The mixture tempera- 
tures fluctuated considerably during- the tests and it was 
therefore not possible to maintain consistently accurate 
values. These fluctuations in the mixture temperatures 
were caused by ice forming around the thermocouple bulb 
and thus insulating it from the mixture stream, A special 
bulletin (reference 4) has been published to describe this 
effect. In figure 21 it will be noted that as ice formed 
in the adapter, the temperatures of the metal walls and 
the combustion mixture both approached 32^ F, the mixture 
being at a slightly lower value. 

In general, it was noted in observations made through 

the glass window of the carburetor adapter that in almost 
all of Ihe tests made at a high air-moisture content., a 
considerable quantity of ice formed within the adapter 
before any appreciable rediiction in the air flow could be 
measured. The air flow then dropped very rapidly, indicat- 
ing that if this condition was experienced in flight the 
engine power would be considerably red\ioed due to ice in 
the induction system before the pilot had sufficient 
warning to take preventive measures* , 

A number of additional tests were made to establish 
the outer limits of the atmospheric conditions under 
which ice formed in the induction system testedo The 
results of these tests of borderline conditions are given 
in figure 41. The range of conditions under which the air 
f>(5w v/as affected by ice is represented by the double- 
shaded portion of the chart. Under all conditions out- 
side of the outer curve no ice was encountered. The 
intermediate area between the outer, curve and the inner 
double-shaded portion indicates the range of conditions 
in which ice was formed in the induction system but did 
not affect the air flow or fuel flow. 

The conditions under which ice formed in the induc- 
tion system were determined by making visual observations 
through the glass windows of the fuel nozzle bar and the 
interior of the adapter. Fluctuations of less than 2 
percent in the air flow and fuel flow were considered as 
not being detrimental to engine ©peration. Fluctuations 
greater than 2 percent are indicated in figurp 41 by 
crosses in the lower area. 
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As a result of the basic conclusion that rate of ice 
accretion is a direct function of the total amount of 
water ingested with the intake air, a "brief theoretical 
study has been made to investigate possible methods of 
preventing rain from entering induction systems. It is 
evident that this can be accomplished if, in the design 
of intake passages, advantage is taken of the inertia of 
water particles. 

An analytical study of the paths of water particles 
of different sizes in an air stream disturbed by the pres- 
ence of a circular cylinder is contained in reference 5,' 
It was found that at a velocity of 200 miles per hour the 
area against which droplets impinged decreased with de- 
crease in droplet si2;e. The report indicates that water 
particlesj 10 microns in diameter^ or smaller, will fol- 
low the path of an air stream regardless of any change 
in direction, that the paths of particles 10 to 1000 
microns in diameter will vary in proportion to their size, 
while droplets of 1 to 5 millimeters in size have suffi- 
cient inertia that they can be separated from an air 
stream of curved path. In reference 2 it is shown that 
droplets of 1-milliraeter diameter can be expected with a 
rain density of 0,27 gram per cubic meter, droplets of 2- 
millimeter diameter would occur with rain density of 2 
grams per cubic meter, and that 3-millimeter droplets 
would be found in a rain density of 5.4 grams per cubic 
meter. This indicates that in the range of average rain- 
fall, water droplets have sufficient mass so that they 
can be separated from an air stream because of their 
iner t ia 4 

It has been found in other investigations that water 
particles, by virtue of their inertia; can be separated 
from the intake air in an air scoop containing a plenum 
chamber and rain trap. Separation of water droplets can 
also be accomplished by greatly changing the path of the' 
intake air. Figures 12, 13, and 14 illustrate various 
possible design applications of this theory. The first 
of these is a rotatable air-scoop which can be reversed 
in position during rainfallo The other two sketches il- 
lustrate how the inertia separation principle, together 
with .provisions for preheating the intake air, might be 
applied to intake systems incorporated within engine 
cowlings- In the system shown in figiire 13, the cold-air 
valve C is closed during precipitation and air is ad- 
mitted through the alternate intake D, In the design 
represented by figure 14, the flapper valve C at the 
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lip of the cowl inlet is turnr^d to the vertical position 
during precipitation so that the air is forced around a 
90*^ turn in entering the intake system. This design has 
the advantage that a portion of the dynamic ram of the 
intake air is retained" during the operation of the alter- 
nate inlet. 

RECOMMENDATIONS 



In viev; of the critical effect of total rate of rain 
ingestion on induction-*sy st em icing, it is evident that 
the intake passages of an aircraft engine should he de- 
signed so that water is prevented as much as possible 
from entering the carburetor with Nthe intake 8.ir, 

In the design of induction systems all possible pro- 
tuberances should be eliminated. Interior surfaces, if 
possible, shoixld also have a slight draft in the down- 
sbrea.m direction and should be desi^^ned so that ice can- 
not be retained by the shape of the induction passages. 
It is evident that in an induction system having such 
featiires^ ice would form only to. a sl'ight extent, would 
then be melted away from the walls due to its own insu- 
lating effect, and would then pass on through the system. 

Based on observations made during this research pro- 
gram, it appears that by the apt)lication of heat to the 
carburetor adapter, icing could be still further mini- 
mized. Tests to investigate this effect more thoroughly 
are r ec ommended » 

From the tests made during this research program it 
is evident that throttle icing should be considered in 
the design of carburetors. 

Fuel nozzle bars, throttles, and other exposed ele- 
ments of carburet or s should be designed so that a minimum 
amount of ice will form on them. 

In view of the observation made during many of the 
icing tests that the air flow was not affected until a 
quite large amount of ice had formed in the carbureter 
adapter-, it appears that the development of a dependable 
instrument to indicate the presence of ice in induction 
systems is desirable. 
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CONCLUSIONS 



The following conclusions should "be considered in 
their entirety only in connection with the induction sys- 
tem t es t ed . 

1. Two factors, carliure t or-air temperature and mois- 
ture content of the intake air, were found to he the major 
causes of induction-system icing. All other factors con- 
sidered had a minor or negligible effect on the rate of 
ice formation for the range of conditions investigated 
when each of these factors was varied independently with 
the others held constant, 

2o With free moisture present in the intake air, 
ice formed rapidly in the induction system at carhuretor- 
air tem.peratures up to 50^ F, The mixture ratio was af- 
fected hy the formation of ice at temperatures up to 70^ F. 

3. Ice did not form in the induction system tested 
under any conditions at a carhur et or-ai r temperature of 
80° F or ahove* 

4, The rate of ice accretion at an air-moisture con- 
tent of lOO-percent relative humidity or less, with no 
free moisture present in the air. was so slight that 
neither the rate of air flow nor the mixture ratio was 
affect ed, 

5o With constant rain density, the rate of icing 
was increased in proportion to increase in rate of air 
flow. From these tests it is concluded that the rate of 
icing is a function of the total mass flow of rain per 
hour through the induct i on system. 

6, From, the data obtained in this investigation, it 
is recommended that air scoops of engine-induction sys- 
tems be designed to prevent as much water as possible 
from entering the carburetor. 

7. The interior passages of induction systems 
should be free from protuberances on which ice can adhere 
and should also, if possible, have a slight draft in the 
downstream direction, 
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8. The development of a dependa"ble ice-warning in- 
dicator for induction systems is- desiralDle . 



National Bureau of Standards, 
Washington., P. C, 



APPENDIX I 
TESTS or ICE-WARNIKG INDICATORS 



From the icing tests descrilDed in this report, it 
has "been concluded that the development of a dependable 
ice-warning indicator for induction systems is desira"ble» 
It has "been pointed out tha.t during?: almost all of the 
tests in which ice. formed in the induction system, the 
rate of air flew, usually taken as' an index of the pres- 
ence of ice> remained almost constant until a large 
amount of ice had formed in the carhuretor adapter^ This 
phenomenon was noted hy means of visual observations 
through the glass window in the rear wall of the adapter. 
In view of this condition, and also as a result of re- 
quests from the military services and commercial air-line 
operators, a number of tests have been made in the Wright 
G-200 induction-system installation at the National Bureau 
of Standards in an effort to develop a satisfactory ice- 
warning indicator for general use, " 

One of the chief difficulties in indicating the 
presence of ice in an induction system results from the 
tendency of ice to form at different locations, according 
to the atmospheric conditions encountered. In the NAGA 
induction-system icing investigation and in tests made 
by other agencies, it has been found that impact ice 
forms in the air seoop and in the duct leading to the 
carburetor; throttle ice, by definition^ forms in the 
vicinity of the oarbiiretor throttle? while refrigeration 
of fuel-evaporation ice forms on the downstream side of 
the gasoline-spray nozzles, usually in the carburetor 
adapter. It was also noticed during the icing tests that 
at different values of the carburetor-air temperature, 
ice formed in different locations for each of the three 
types of ice* It is evident that an effective ice-warning 
indicator should be capable of detecting ice in the induc- 
tion system regardless of the point where ice forms. 
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The ice-warning indicators which were tested are 
listed as follows: 

(1) Anemometer type ice-warning indicator 

(2) Cunningham ice-warning indicator 

(3) Mut er ice-warning indicator 

(4) American Airlines ice-warning indicator 

(5) National Bureau of Standard?? ice-warning 

indicator 

All of these instruments with the exception of the ane- 
mometer type are described in reference 6, ' 

The anemometer unit was installed in the carburetor 
adapter and mounted on the shaft of a small generator. 
The flow of air through the induction system caused the 
rotor to revolve and the resulting electric-current gen- 
erator was indicated on an ammeter. As ice formed on the 
rotor, its speed decreased until it finally stopped "be- 
cause of being frozen solidly in the adapter. This device 
indicated the presence of ice but was considered unsatis- 
factory because it was subject to frequent repair result- 
ing from damage to the rotor unit by ice and because the 
rotor in itself greatly increased the formation of ice in 
the induction system. It became evident in the tests of. 
this device and in the program of icing tests that all 
possible obstructions should be eliminated from the 
interior of an induction system in order to reduce ice 
accretion, 

A number of tests were made on several versions of 
the Cunningham instrument. When first tested, this de- 
vice, which indicates the change in a pressure differen- 
tial in an induction system due to ice accretion, responded 
only to localized ice formations and for this reason was 
operative only through a limited range. As the instru- 
ment was developed further it was found possible to ad- 
just the sensitivity. It appears that in any further 
development of this device the range of indication must 
be further extended so that it will be more effective in 
varying conditions. In this way the location of, the 
units in the induction system will not be so critical. 
One advantage of the Cunningham indicator is its light 
weight, several ounces per unit, indicating that several 
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of these instruments might be installed within an in6.uc- 
tion system to indicate the presence of ice at any of 
several points where it might occur^ 

The Muter photoelectric cell-type indicator, which 
was mounted in* the ■ carhur e t or adapter, was fo\ind to he 
satisfactory in warning of the prec'^ence of ice^ By re- 
cessing "both the photoelectric cell and the light source 
in opposite walls of the adapter, the • sensitivity of in- 
dication could he regulated. It was found that ice par- 
ticles formed in these two recesses of the walls regard- 
less of the- other points where refrigeration ice was de- 
positedo As ice formed, the reading of the milliammeter 
gradually increased to a full-scale deflection, indicat- 
ing that the adapter was heing filled with ice. This 
full-scale reading was usually reached several minutes 
"before any change could "be noticed in the rate of air 
flow. 

The American Airlines instrument is a photoelectric 
cell-type indicator similar to the Muter i c e --warni ng in- 
dicator, with the principal difference 'oeing that the 
photoelectric cell has a greater output and the current 
is read directly on a micr oammet er . This indicator was 
considered satisfactory on the hasis of the limited tests 
made. One possible difficulty in the use of this instru- 
ment is that the sensitive microammeter might not he 
capable of withstanding the engine vibration to which it 
would be subjected. 

The ice-warning indicator developed by members of 
the staff of the National "Bureau of Standard?!, a Modified 
photoelectric type, v/as found to provide satisfactory in- 
dication of the presence of ice during the few tests 
made on this instrument. The design of this ice-warning 
indicator has been turned over to an equipment manufac- 
turer for possible commercial development* 
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Figs. 3,4,5,6 




i- igure c.- Ljenerai view ot induction 

system icing testing appara- 
tus, (showing cold and hot air intake 
ducts, carburetor, engine blower section ^^^^^ Typical recorded air flow 
and outlet duct.) ' chart. 




Figure o.- Recording potentiometers, 

manometers, mixture and rinn^y.^ ^ 04. • ui. • 

throttle manual controls, and gasoline straightening grid in inlet 

rotameters. 
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Figs. 7,8,9,10 
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Figs. 11,12,13,14 
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Figure 15.- Effect of varying oarbiire tor-air temperature with initial moisture content 
100 percent R,H.+10g/m3. 
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Figure 16 Variation of oarburetor alr temperature with aoleture content 100 percent 
R.H. -hlOg/a^ and 31.5° throttle angle. 
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Figure 17.- Effect of rain Ingestion at 40^P C.A.T.» and 31,5^ throttle angle. 
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Figrure 16«- Effect of extreme rain Ingestion at 40^F C*A.T*« and 32^ throttle angle. 
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Figiire 19«- Effect of rain Izigestlon* at 35^F C.A.T.i and 20^ tlirottle az^le. 
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Figure 30.- Kffeot of rain Ingestion at 40°? O.A.T.» and 31° throttle angle. 
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Figure 22.- Icing at various initial rates of air flow at 35°F C.A.T., noisture 
content 100- percent R.H.'f 5g/m^ and 73^ tbxottle angle. 
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Figure 33,- IciM at various, initial rates of airflow at 40°F 0*A«T., moisture content 
100% R.H. + 5g/in'5^ and 73° throttle angle* 
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Figure 24.- Effect of varying initial rate of air flow at 40°F C.A.T., moisture content 
100 percent R.H. + Sg/m^ and 20° throttle angle 
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Figure 25.- Effect of varying initial rate of air flow at 40^F C.A.T., moisture content 
100 percent R.H.+ 5g/m3 and 150 throttle angle. 
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Figure 26. Effect of varylzig throttle angle at 
percent R.H. -l- 5g/m^* 
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Figure 27.- Effect of varying throttle angle at 35°F C.A.T. 
100 percent R.H.-i- Sg/m^. 
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Figure 38,- Effect of Yarylng throttle angle at 40°F C.a.T., and moisture content 100 % 
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Figure 39.- Eflect of varying throttle angle at 40°? C.A.T., and moisture content 100 
percent R.H. +5g7m3« 
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Figure SO,. E«ect of varying throttle angle at 40©? O.A.T.. and 0Oisture 
100 percent R*H.<f 5g/iny* 
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Figure 32.- Effect of varying fuel-aix ratio at 4(/'f C.A«T«| moisture content 100 per- 
cent R.H.+Sg/m^y and Z}? throttle aiogle* 
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Plgare 33«- Effeot of varying fuel-air ratio at 35^? C.A.T«, misture e<^teiit 100 
|lereeht Sg/m^ and 73<> throttle angle. 
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Figure 34.- Effect of varying altltuae with 35^F C»A.T., moisture oonxent 100 percent 
R.H. +5g/m3, and 730 throttle angle. 
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Figure' 35.- K^ect of varying altitude with 400f C.A.T., moisture content 100 percent 
R. H» + 5g/a3^ and 73° tlirottle angle. h^^cuu 
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Figure 36.- Effect of varying altitude with 40®F O.A.T., moisture content 100 percent 
R«H* *f 5g/m3y and 35^ throttle angle* 
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Figure 37.- Effect of propeller load cxirve conditions at 40*^F C.A.T., and moisture oon-- 
,tent 100 percent R.H. +5g/m'^. 
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Figure 38.- £ffeot of propeller load cunre conditions at 40^F C.A.T.t and moieture 
content 100 percent R.H.-f Sg/m^. 
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content 100 percent R.H.^ to 3/ m^. 
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